Twenty-one temperature-sensitive mutants of Semliki Forest virus were classified by measurement of their capacity to make virus RNA. The RNAmutants were defective in a very early step in virus multiplication; possibly in the formation of functional polymerase enzyme. The RNA + mutants investigated were all defective in their capacity to make the virus envelope protein. All the mutants were capable of inducing interferon formation but two different types of induction could be distinguished. At high multiplicities, both classes of mutant and the wild type induced interferon production without requiring virus RNA synthesis, while at lower multiplicities interferon production depended on the synthesis of virus RNA. It was concluded that at high multiplicities the inducer was newly synthesized RNA. However, a number of the RNA + mutants were less efficient interferon inducers than the wild type, and at low multiplicities synthesised virus RNA but not interferon.
taining 0"5 #g./ml, of actinomycin D. At the time indicated in the text the cells were washed twice with Earle's buffered saline containing 2 ~o dialysed calf sermn and [3H]valine (Io #c/culture) or [l~C] valine (I.5 #c/culture) in the same medium added to the infected and uninfected monolayers respectively. At the end of the pulse, the cell sheets were washed with hypotonic buffer as described by Hay et al. 0968) , the cells scraped offthe glass, infected and uninfected cells mixed and then ruptured in a Dounce homogenizer. After removal of the nuclear pellet by centrifugation at 6oog for 5 rain., the proteins in the cytoplasmic fraction were extracted by the method of Summers, Maizel & Darnell 0965), and the protein samples fractionated by electrophoresis through 7"5 ~ polyacrylamide gels. After electrophoresis the gels were sliced and radioactivity determined as described by Hay et aL (I968) . Radioactivity was measured on a Packard Tricarb scintillation spectrometer, series 3000, and the radioactivity due to ~H and 14C in the samples was computed using a channels-ratio method (Hendler, i964) , a punchtape adaptor and a programme written by Mr J. Drewry of this department.
Interferon production and assay. All experiments were done in a constant temperature room. Chick cells were incubated at 42o for 2o min. before infection with varying multiplicities of virus for a further 2o rain. at 4 z°. After washing, the cells were either kept at 42° or transferred to 3 °° or 39 ° for 2 hr before replacing at 42°. At 12 hr after infection, the cultures were frozen and thawed, residual virus inactivated by heating to 65 ° for 3o min. and interferon assayed as previously described (Wakers et al. ~ 967) , except that Semliki Forest virus was used to challenge. An internal standard was included in all assays to check the sensitivity of the assay, and all the samples from one experiment were titrated simultaneously. The interferon titre was defined as the reciprocal of the dilution giving a 5o ~ depression of the control plaque count (PDD50). The assay was 2-6 fold less sensitive than when Chikungunya virus was used to challenge, but was considerably quicker.
RESULTS

Virus RNA synthesis in cells infected with ts mutants
In order to select suitable RNA + and RNA-mutants for use as inducers of interferon, the capacity to synthesise virus RNA of all the mutants was measured under conditions similar to that used for interferon formation, i.e. infection at 42° followed by addition of isotope and incubation at 39 ° for 4 hr before reincubation at 42° for a further hour and determination of radioactivity. The results (Table I) showed that the mutants could be readily classified as RNA + or RNA-, although a few occupied an intermediate position. The results are in general agreement with those of Tan et al. (I969) .
When the time course of virus RNA synthesis was measured at different times after infection, it was found (Fig. I ) that two RNA ÷ mutants (ts i2 and zI) showed a similar time course to that of the wild type (ts÷), while very little virus RNA synthesis could be detected in cells infected with three RNA-mutants (ts 5, 9 and ~6).
The temperature-sensitive stage of the RNA-mutants was shown to occur early in infection. Cells were infected for I hr at 3 o°, incubated for a further hour at 3 o°, and then incubated at 39°; this is termed a 'step-up' experiment. Under these conditions the RNAmutants, ts I6 and i9, made virus RNA almost as rapidly as the wild type and as the three RNA + mutants (Fig. 2 ). This conclusion was confirmed by a 'step-down' experiment in which the infected cells were incubated at 39 ° for o, z, 4 or 6 hr after infection before addition of isotope, and incubation for two more hr at 3 o°. The results (Fig. 3) Monolayers were incubated with medium containing I/zg./ml. actinomycin D for I hr at 37 ° and for 30 min. at 4z ° before infection (5 to 5o p.f.u./cell) for 3o rain. at 4z °. Isotope was added immediately after washing, the cells were incubated at 39 ° for 4 hr then at 42o for I hr, and then radioactivity was determined as described in Methods. Interferon production by ts mutants 6I which is described in the Methods section. When cells were infected with the wild type and incubated at 3 o°, 37 ° or 39 °, the synthesis of the two virion proteins could readily be detected (Fig. 4a, b and c) . These were the protein of the lipoprotein envelope at fraction 14 and the protein of the virus core at fraction 19. In addition, the synthesis of two non-virion proteins (at fractions 7 and IO) could also be detected. However, no virus protein synthesis took place at 420 (Fig. 4d ). Infected cells were incubated at 37 ° for 2 hr and then transferred to 42°. Under these conditions virus RNA synthesis ceased after about I hr at 420 (Skehel & Burke, ~968b) , but virus proteins were still being synthesised at 5 and 8 hr after infection (Fig. 4e, f) . However, synthesis of the envelope protein was more sensitive to continued incubation at 420 than was the core protein. It was concluded that RNA synthesized at the permissive temperature was still partially functional at 420 . When cells were infected with ts Io (an RNA-mutant), synthesis of virus proteins occurred when the cells were incubated at 30 °, but not when they were incubated at 39 ° (Fig. 5a, b) . When the cells were infected and incubated at 3 °0 for 2 hr and then shifted to 39 ° for a further 6 hr, synthesis of both virion proteins was readily detectable between 4 and 8 hr after infection (Fig. 5c) , and the synthesis of these proteins could still be detected between 4 and 8 hr after infection when the cells were shifted to 42o 2 hr after infection (Fig. 5 d) . Thus, when the cells were infected at 3 °° and shifted to 39 °, the mutants made virus RNA (Fig. 2) protein synthesis. When cells were infected with ts 4 (an RNA + mutant), synthesis of both virion and non-virion proteins took place when the cells were incubated at 30o throughout (Fig. 6a) , but when the cells were incubated at 39 ° throughout, all the virion and non-virion proteins except the envelope protein were formed (Fig. 6b) . When the infected cells were incubated at 3 °0 for 2 hr before shifting to 39 ° or 42°, synthesis of core protein was readily detected (Fig. 6c, d ), although the rate of virus protein synthesis was slower at 42°. Since it was unlikely that the envelope protein was so much more thermolabile at 39 ° than at 3o °, thermal breakdown of the envelope protein was unlikely to be an explanation of the fault. There was also no accumulation of any polypeptide precursor of the envelope protein, and since Tan et al. 0969) showed that the virus RNA synthesized in cells infected by RNA + mutants was similar to that synthesized in cells infected by the wild type, the failure of the RNA + mutants to synthesize envelope protein is unlikely to be due to a transcriptional fault, and it was concluded that the translation of the RNA coding for virus envelope protein was deficient. A number of other RNA + mutants (ts 12, ~ 3, ~ 8, zo and 2i) gave the same result, indicating that they all had a similar fault.
Plaque formation in cells incubated at different temperatures
All the mutants, with the exception of ts 17, produced los-fold fewer plaques at 39 ° than at 3 o°. The effect of short periods of incubation at 39 ° on subsequent plaque formation was investigated by incubating, infecting and overlaying cells with nutrient agar at 39 °. The monolayer cultures were then transferred to 3 °o at different times after infection and plaques counted after three days at 3 °° (Fig. 7) . The wild type had a slightly reduced plaquing efficiency after 3 hr incubation at 39 °, but there was no change on further incubation at 3 o°.
The mutants fell into two classes--the first group (ts 9, lo, I6 and I9) very quickly lost their ability to plaque at 3 °o after incubation at 39 ° . This group included all those mutants unable to synthesise virus RNA at 39 °, the rapid fall reflecting the instability of the intracellular virus messenger RNA. A second group, which were all RNA + mutants (ts 4, I2, 13, 18 and 2 ~) showed a much less rapid rate of decay. This slower rate of decay was not due to an increased temperature stability of RNA + mutants, since Tan et al. (1969) have shown that the RNA + mutants were less heat stable than the RNA-mutants or the wild type, and the difference between the RNA + and the RNA-mutants was probably due to the fact that the former could make RNA at 39 ° which could function normally at 3 o°.
When the cells were incubated at 3 °o for 2 hr immediately after the overlay, before transfer to 39 ° for several hr and final incubation at 3o °, the RNA-mutants gave a very different result (Fig. 8) . The capacity to form plaques was lost only slightly more rapidly than the wild type and less rapidly than the RNA + mutants, again indicating that the RNA-mutants were blocked at an early stage in virus multiplication. The effect was so large that it was unlikely that it was due to decreased breakdown of the virus messenger RNA at 3 o°. In contrast to the RNA-mutants, the RNA + mutants lost their plaque forming ability at about the same rate as when the period of incubation at 3 o° was omitted. Indeed, ts ~3, I8 and 2i lost their plaque-forming ability somewhat more rapidly when the shift conditions were used.
Effect of virus multiplication on cellular protein synthesis
Since the virus-induced inhibition of cellular protein synthesis can inhibit interferon formation (Gandhi & Burke, r97o), it was important to measure the effect of the mutants on cellular protein synthesis. Infection and incubation of chick cells at 39 ° with the wild type or with three RNA + mutants (ts 4, I2 and I8) caused a gradual depression of the rate of host cell protein synthesis, as measured by [aH] valine incorporation (Fig. 9a) . However, two RNA-mutants (ts lO and I6) had little effect, ts I6 apparently causing some stimulation on the rate of protein synthesis. These RNA-mutants rapidly inhibited the rate of cellular protein synthesis at 3 °° (Fig. 9b) , suggesting that virus RNA synthesis was essential for this effect. This was confirmed by incubating the infected cells at 3 °° for z hr before in-cubation at 39 °, when inhibition developed much more rapidly than when the cells were incubated at 39 ° throughout (Fig. 9e) . However, this inhibitory effect apparently had little effect on interferon production. The inhibitory effect may also be seen in Fig. 5 , for the base line value of the 3H/~4C ratio reflects the relative rates of synthesis of cellular proteins in infected and uninfected cells. The base line, which had a value of about 1.9 for cells incubated at 39 ° (Fig. 5b) fell to about 0'3 for cells which were incubated at 3 °0 for 2 hr before incubation at 39 ° (Fig. 5c) , an inhibition of more than 80 ~ of the rate of cellular protein synthesis between 4 and 8 hr after infection. Since the cells used for this experiment had been treated with actinomycin, the inhibitory effect probably operated at the translational level. Long & Burke 0970) came to a similar conclusion for cells infected with fowl plague virus, and Tan [3; 0-0, ts I8. 
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Interferon production by ts mutants
Interferon production was measured in a temperature shift system, similar to that described by Skehel & Burke 0968b), in order that virus RNA synthesis could be controlled. Cells were infected at 420 and then either incubated at 420 throughout (non-permissive for all mutants and wild type), or transferred to 39 ° (permissive for RNA synthesis by wild type or RNA + mutants), or 3 °0 (permissive for all mutants and wild type) for 2 hr before ]5 --of wild type with multiplicity of 6 p.f.u./cell and shifted to 39 °.
5-2 continued incubation at 42° . Preliminary experiments revealed the importance of virus multiplicity as well as that of accurate temperature control. ¥irus RNA synthesis was also measured by addition of [aH] uridine to actinomycin treated cells, incubated and infected in exactly the same way as the interferon-producing cells.
Interferon production by the wild type was found to be dependent on a period of incubation at 39 ° or 3 °0 and on consequent virus RNA synthesis (Table 2) , as previously described (Skehel & Burke, ~968b) , except that at high multiplicities there was some interferon production at 42 ° in the absence of measurable virus RNA synthesis. When the cells were incubated at 3 °0 or 39 ° , there was little effect of multiplicity on either interferon production or virus RNA synthesis. Interferon production by four RNA ÷ mutants was also examined (Table z) . In general, interferon production depended on a period of incubation at 3 °0 or 39 ° , except that at high multiplicities interferon was formed at 42° in the absence of virus RNA synthesis by ts 4, ~3 and I8. Other experiments with ts I5 gave the same result. Some RNA synthesis at 42° was detected in cells infected with ts 2o and 2I. When the effect of virus multiplicity on interferon production and virus RNA synthesis was measured after a shift to 3o °, it was observed that the capacity to make interferon was lost before that to make virus RNA, so that, at low multiplicities, these mutants (e.g. ts 4 and 13) made virus RNA but not interferon. When the infected cells were shifted to 3 °° both interferon and virus RNA were formed. 5 13o --< 5 --< 5 * PDDso. ~ As % wild type using multiplicity of I5 p.f.u./cell and shifted to 39 °.
Use of seven RNA-mutants showed that, when cells were infected with high virus multiplicity and incubated at 420 or shifted to 39 °, before continued incubation at 42°, interferon was produced in the absence of virus RNA synthesis (Table 3) . Interferon was not formed under these conditions if a low multiplicity of infection was used. When the infected cells were transferred to 3 °° before continued incubation at 42°, both interferon and virus RNA were formed.
DISCUSSION
The RNA-mutants were unable to make virus RNA, and a temperature-shift experiment (Fig. 2) showed that the fault lay at a very early stage of virus multiplication. When this block was circumvented by a short period at the permissive temperature, these mutants were able to synthesize virus RNA and protein normally. There are several possible explanations for the failure to make virus RNA: the mutant may be unable to synthesize virus RNA polymerase, or the polypeptide chains of the polymerase may fail to associate correctly (either with each other or with a host component), or the polymerase may be abnormally temperature-sensitive. This last explanation can be excluded since Martin (I969) has shown that the polymerase found in cells infected with RNA-mutants is not unusually temperaturesensitive in vitro, and we found that, once virus RNA synthesis had started, it proceeded at a rate similar to that of the wild type (Fig. z) , and did not fall away as would be expected of a temperature-sensitive polymerase. Once virus RNA synthesis had started, the RNAmutants were able to make all the virion and non-virion proteins that could be detected in cells infected with the wild type. The non-virion proteins have not been identified, but since it is likely that one or more of them are components of the virus RNA polymerase, this evidence suggests that the RNA-mutants can synthesize the polypeptide components of the polymerase. If this is so, it suggests that it is the formation of active enzyme that is faulty.
The RNA + mutants were able to synthesize virus RNA at the non-permissive temperature, but not the protein of the virus lipoprotein envelope, although the other virion protein and the non-viron proteins were synthesized normally. The RNA + mutants are much more thermolabile than the wild type or the RNA-mutants (Tan et al. I969) , suggesting a structural fault in the virions, probably in the amino-acid sequence of the envelope protein. The mechanism which is blocked is not understood, but it appears to operate at a somewhat higher temperature in infection by the wild type or the RNA-mutants (Fig. 4, 5) . On the basis of a haemadsorption assay, Tan et aL (1969) suggested that mutants ts I 2, 15, 18 and 21 were capable of synthesizing envelope protein, although at a much lower rate than at the permissive temperature. We have been unable to detect such synthesis by our methods. Tan et al. 0969 ) also found that mutants ts 18 and 2I did not make the virus nucleoprotein core at the non-permissive temperature. Since we found that both of these mutants made the protein component of this core, it may be that the interaction between this protein and virus RNA is faulty in these two mutants.
All the mutants were capable of inducing interferon formation in the temperature shift system, although some of the RNA + mutants were relatively inefficient, i.e. ts 4 and I3 only produced low or negligible yields of interferon in the 39 ° shift at multiplicities of ~ and 5, even though they made relatively large amounts of RNA. This situation resembles that described by Lockartet al. (I968) and it would be interesting to see if the Sindbis mutants used by these authors induced interferon production at higher multiplicities. The reason for this relative inefficiency is not known: Tan et al. (I969) reported that all the RNA + mutants made all the three species of virus RNA, including at least as much double-stranded RNA as the wild type. Since there is increasing evidence that it is the conformation of the polynucleotide that is important for induction of interferon formation (De Clerq & Merigan, I969) it may be that the conformation of the virus RNA synthesis in cells infected with the RNA + mutants is unfavourable for interferon formation. Certainly there is no evidence that any of the mutants are unable to induce interferon formation, and this is consistent with the results obtained with the synthetic polynucleotides which suggest that the conformation rather than nucleotide sequence of a nucleic acid is the important factor. Many of the mutants, and the wild type, could also produce interferon under conditions where no virus RNA synthesis was detectable. There are several possible explanations of this result. It may be that at high multiplicities interferon is formed by a process resembling that induced by endotoxin, which is independent of protein and nucleic acid synthesis and which is usually described as a release of preformed interferon. Alternatively, if the interferon is newly synthesised, then the inducer might be a double-stranded RNA, formed by very limited RNA synthesis, or the inducer might be the single-stranded RNA of the input virus, since Gandhi & Burke 097o) and Dianzani et al. both concluded that the myxoviruses could induce interferon production in the absence of virus synthesis. We prefer the third explanation--that is, at high multiplicity the RNA of the input virus can induce interferon formation--but further experiments are necessary.
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